The neutral p-chloranil ͑2,3,5,6-tetrachloro-p-benzoquinone͒ and its radical anion have been extensively studied using the Car-Parrinello projector augmented wave method, which is an all-electron electronic structure method for first-principles molecular dynamics based on the local density approximation of density functional theory. Frequencies and eigenmodes are derived by fitting a system of harmonic oscillators to the moleculardynamics trajectories. The dependence of the bond lengths and vibrational frequencies on the molecular ionicity is discussed, and the electron affinity, Coulomb repulsion, and the spin-splitting parameter of p-chloranil are also derived. ͓S0163-1829͑96͒05318-0͔
I. INTRODUCTION
Organic -molecular donors and acceptors often form charge transfer ͑CT͒ complexes consisting of either separate donor and acceptor stacks or mixed stacks in which donors and acceptors alternate along the stacking axis. Although a majority of the CT complexes crystallize in this latter insulating mixed-stack structure, research interest has mainly been focused on the segregated compounds as they can exhibit a high electrical conductivity. [1] [2] [3] But more recently, the discovery of the so-called neutral-to-ionic phase transition has renewed interest in the mixed-stack compounds. 4 For a long time, the underlying assumption has been that mixed-stack complexes can only be either completely neutral or completely ionic. 5 However, extensive experimental studies of these systems in the early eighties led to the development of a theoretical model that allows a degree of ionicity different from zero or one. 6, 7 Furthermore, one of the essential requirements so that the segregated CT complexes yield high conductivity is that the charge transfer from donors to acceptors be incomplete. Therefore, attention has focused on obtaining an estimate for this quantity. Among the various methods proposed there are two based on the dependence of the bond lengths on the molecular ionicity 8 and intramolecular vibrational frequencies. [9] [10] [11] [12] Until now, the correlations between these parameters were deduced from experimental data obtained with a set of compounds expected to have known oxidation states.
Owing to its electron affinity, p-chloranil ͑2,3,5,6-tetrachloro-p-benzoquinone, CA͒ belongs to the family of molecules that forms CT complexes with donors such as TTF ͑tetrathiafulvalene͒, DMTTF or TMPD. 13 Most of these compounds have a mixed-stack crystalline structure, and some of them exhibit a neutral-to-ionic phase transition. The evolution of the degree of charge transfer versus temperature or pressure, which is crucial information for the experimental analysis and modeling of such transitions, has partly been deduced from an assumed linear 11 or nearly linear 12 behavior of some intramolecular vibration frequencies of CA versus ionicity. However, for CA this assumption cannot be verified experimentally owing to the lack of synthesized compounds in which a partial degree of ionicity is fixed by stoichiometry. With the development of powerful molecular-dynamics ͑MD͒ methods it has recently become possible to investigate this fundamental point theoretically using numerical simulations.
In this work we have undertaken a detailed analysis of the static and dynamic properties of CA in various oxidation states with the Car-Parrinello projector augmented wave ͑CP-PAW͒ method.
14 This is the verification of the linearity of the frequency and bond length variation versus the molecular ionicity of CA.
The CP-PAW method combines the first-principles MD method of Car and Parrinello 15, 16 with an all-electron electronic structure method that can be efficiently applied to all elements of the Periodic Table within the local density approximation ͑LDA͒ of density functional theory. Vibrational analysis is performed by fitting a system of harmonic oscillators to the MD trajectories, 17 a method that has recently been used to investigate the static and dynamic properties of ferrocene.
This paper is organized as follows: in Sec. II we summarize the basic concepts of both the CP-PAW method and the method used for vibrational analysis. Section III contains the results of the calculations for neutral CA: the ground state, electronic structure properties, and vibrations. In Sec. IV we analyze the influence the ionicity of the molecule has on interatomic distances and vibrational frequencies, and derive
II. THEORETICAL BACKGROUND

A. Car-Parrinello projector augmented wave method
Electronic structure and atomic trajectories calculations of CA have been performed with the CP-PAW method. A detailed description of this scheme developed by one of us can be found elsewhere.
14 This method combines the original fictitious Lagrangian approach of Car and Parrinello, 15, 16 in which the atomic coordinates and the electronic wave function are treated simultaneously by a set of Newton's equations, with an all-electron ͑AE͒ electronic structure scheme that combines the versatility and accuracy of the linearized augmented plane wave ͑LAPW͒ method 18 with the formal simplicity of the traditional plane-wave pseudopotential approach. 19 It allows high-quality, energy-conserving, firstprinciples MD simulations even for large systems.
The core wave functions are imported from isolated atoms according to the frozen-core approximation. The valence wave function is decomposed in the following way:
where ͉͘ is a smooth so-called pseudo ͑PS͒-wave function, which is equal to the AE wave function except in the atomic regions ⍀ R . This slowly-varying PS wave function is expanded into plane waves. Within the core region, ͉͘ is a smooth continuation from the outside. Hence,
͘ is a remainder that contains all strong oscillations of the atomic node structure. It is localized in ⍀ R and can thus be represented as sums of one-center partial wave expansions:
͑2͒
Here ͉ 1 ͘ϭ͉͘ in the augmentation region and ͉ TABLE I. Calculated bond lengths ͑in Å͒ and angles ͑in degrees͒ for the chloranil molecule in comparison with experiments on the crystal structure of chloranil. 
B. Vibrational analysis
The atomic trajectories obtained by MD simulations are analyzed in terms of harmonic vibrations using the technique developed by Margl and co-workers. 17, 20 This approach, which is similar to Kohanoff's 21 with the exception of the penalty function used for the least-squares fit, fits the trajectories of a harmonic system to those obtained from the MD simulation. The fit parameters are the eigenvectors of the dynamical matrix, the amplitudes, and the frequencies. Here we only summarize the basic steps of this scheme; a more detailed description can be found elsewhere. 17, 20 First, one has to remove the angular momentum of the entire molecule from the original trajectory. Then the resulting trajectory is split into mutually orthogonal subtrajectories for each given irreducible representation of the point group of the molecule under consideration, by applying the character projection operators. In order to start the fitting procedure for a specific subtrajectory, a set of initial frequencies is estimated from the Fourier transform of the velocity autocorrelation function. Eigenvectors and amplitudes are estimated from the sine and cosine Fourier transforms of the subtrajectory. Then, the least-squares fit is achieved by minimizing the penalty functional
under the constraint of orthogonal eigenvectors. Here T is the simulation time and m R the mass of the atom at site R. The vectors v R (t) and ṽ R (t) refer to the velocities of this atom in the simulation and in the trial system, respectively. A minimum of Q is obtained in an iterative procedure and leads to a self-consistent set of eigenvectors, amplitudes, and frequencies that optimally fits the subtrajectory.
C. Computational details
The pseudopotential, partial waves, and projector functions have been constructed with the procedure described in Ref. 14 for nontransition metals, using r k ϭ1.0 for oxygen and carbon, r k ϭ1.2 for chlorine, and ϭ6 ͑r k and are defined in Ref. 14͒. One projector function per angularmomentum quantum number was used for s-and p-angular momenta. The PS wave functions were expanded into plane waves up to a kinetic energy cutoff of 30 Ry. Tests were made to ensure that this was sufficient even for oxygen. Most of the calculations were non-spin-polarized and within the LDA, using the LDA parametrization by Perdew and Zunger 22 based on Monte Carlo simulations of the free electron gas investigated by Ceperley and Adler. 23 Nevertheless, a few spin-polarized calculations were done to calculate the spin-splitting parameter and to check the validity of the estimates obtained for the electron affinity. We also performed calculations that included two types of gradient correction: one with a Becke gradient correction to the exchange energy alone 24 ͑denoted GC1͒, the other with an additional Perdew gradient correction for the correlation energy 25 ͑denoted GC2͒. The molecule was oriented with the ring perpendicular to the z axis and the CvO bonds parallel to the y axis ͑Fig. 1͒. The calculations were carried out using a tetragonal supercell of 20ϫ20ϫ15 a.u. 3 containing one molecule. In all calculations the molecule had been electrostatically decoupled from its periodic images as described in Ref. 26 , and by increasing the lattice vectors it was verified that this supercell was sufficiently large to allow a good description of an isolated molecule. The initial geometry for the MD simulations was obtained from the optimized geometry of the molecule in its ground state by adding a random distribution of the atomic velocities and letting the system equilibrate at 30 K. During the MD simulation, an average temperature of 30 K was maintained using a Nosé thermostat [27] [28] [29] with an eigenfrequency of 15 THz. The Verlet algorithm 30 was used with a time step of 10 a.u. and a total simulation time of 1.1 or 1.5 ps. To prevent deviations from the Born-Oppenheimer surface, we also applied a small constant friction to the dynamics of the electronic wave functions.
For the vibrational analysis we used the molecular point group D 2h , to which CA belongs. The accuracy of the vibrational modes was checked by examining the vibrational spectrum obtained when projecting the subtrajectory onto a specified eigenvector. For a satisfactory set of eigenvectors, each projection should yield a single, well-defined peak. Moreover, we verified that the residual trajectory remaining after all modes had been removed was comprised only of noise.
III. NEUTRAL CHLORANIL
A. Ground-state properties of chloranil
To our knowledge, this is the first ab initio study of the ground-state and vibrational properties of CA. The optimized geometry at a temperature of0Ki sgiven in Table I ; it was found to belong to the D 2h molecular point group. For this chloroderivative of p-benzoquinone, we observed no tendency to be nonplanar. The calculated bond lengths and angles of the molecule compare well with the values found in the crystal structure of CA at 110 K ͑Ref. 31͒ and the less precise room-temperature values. 32 Nevertheless, it should be noted that within the LDA, the calculated C-Cl bond length seems to be somewhat small ͑by 2%͒ compared to the experimental results. When including a gradient correction ͑GC1 or GC2͒, this distance was found to be about 3% larger, i.e., much closer to the experimental values, whereas the differences for the other distances were less than 1%.
The molecular energy levels of CA are plotted in Fig. 2 . Both the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ states are built primarily from atomic p orbitals perpendicular to the molecular plane. The HOMO is essentially localized on the chlorine atoms and the neighboring carbon atoms, whereas the LUMO has a significant weight on the C-O bonds, as can be seen in Figs. 3͑a͒ and 3͑b͒ , respectively. The fact that the LUMO state has a large weight on the C-O ͑anti-͒bonds explains why these bond lengths and associated vibrational frequencies exhibit the strongest dependence on the ionicity of the molecule. This point will be discussed further in the next section.
B. Vibrations
We determined the modes and vibrational frequencies of CA from two MD simulations at 30 K for 1.1 and 1.5 ps using the technique as briefly described in Sec. II B. The symmetry of the vibrational modes of CA was treated in the context of the D 2h molecular point group. The thirty fundamental vibrations of CA are classified into 6a g ϩ1b 1g ϩ3b 2g ϩ5b 3g ϩ2a u ϩ5b 1u ϩ5b 2u ϩ3b 3u , using the convention commonly found in the literature. 33 The vibrations belonging to b 1g , b 2g , a u , and b 3u representations are out of plane, whereas those belonging to a g , b 3g , b 1u , and b 2u are in-plane modes.
After removing the angular momentum of the entire molecule, we split the complete trajectory into eight mutually orthogonal partial trajectories belonging to the different irreducible representations. For each subtrajectory, the fitting procedure was used to determine the eigenmodes and eigenfrequencies of that symmetry. The consistency of the decomposition was checked by projecting the subtrajectory onto each eigenmode of the corresponding irreducible representation. The resulting spectra are plotted in Fig. 4 . They clearly show that almost all modes have been well separated. The eigenvectors corresponding to thirty independent vibrational modes are plotted in Figs. 5 ͑in-plane vibrations͒ and 6 ͑out-of-plane vibrations͒. Their eigenfrequencies are given in Tables II and III. Most of the experimental results of vibrational frequencies in CA were obtained in the crystalline state. [33] [34] [35] [36] [37] These frequencies may differ from those calculated here owing to the influence of the intermolecular interactions. Neverthe- less, the comparison with the few well-assigned frequencies obtained from solution and vapor-phase experiments, 35, 36 given in Tables II and III , provides insight into the capabilities and precision of our approach. The assignment of Girlando and Pecile 34 has been chosen for comparison, because it is complete and has been used extensively in the literature on CA crystals and charge-transfer compounds including CA. Their assignment of b 3g 12 and 13 , b 1u 20 and 21 , and b 3u 28 eigenfrequencies is confirmed by our results. For the high-frequency modes our calculations show good agreement with experiment on CA crystals ͑with typically a 3% deviation͒. For the low-frequency modes around 200 cm Ϫ1 and less, the deviation is generally larger ͑more than 6%͒. Nevertheless, this was foreseeable for two reasons. The first is numerical: owing to the finite simulation time ͑ϳ1 ps͒, only a few periods of the low-frequency modes are reproduced, so that these frequencies are estimated with a larger error than the high ones. The second argument is physical: in a crystal, low-frequency intramolecular modes are more strongly coupled to lattice vibration modes than high-frequency modes are, causing the deviation from our calculations for an isolated molecule. Finally, the eigenvector plots of all in-plane and out-of-plane modes in Figs. 5 and 6 provide a clear picture of the fundamental vibrations.
IV. INFLUENCE OF THE IONICITY
Chloranil is a strong electron acceptor, and many experimental investigations have been performed on its radical salts. Vibrational and structural analysis of this molecule in known oxidation states can help understand the spectral and structural changes that occur when CA forms CT complexes or radical salts. In this part of the work, we have undertaken a thorough analysis of static and dynamical properties of two oxidation states ͑ϩ0.5e
Ϫ and ϩ1e Ϫ ͒ in comparison with the results for the neutral CA given in Sec. II.
A. Structural changes
For both oxidation states, the optimized geometry ͑ob-tained by a simulation at 0 K͒ is planar and belongs to the D 2h molecular point group. The calculated bond lengths and angles are listed in Table IV . All four bond lengths change essentially linearly with the charge. The CvO bond length is most strongly affected. The modification of the C-Cl one is also appreciable, while that of the C-C ones is less important. Some of these variations can be understood when looking at the LUMO of CA ͓Fig. 3͑b͔͒, which becomes occupied as an electron is added: this orbital is a combination of antibonds between CvO and C-Cl. This is the origin for the increase of the CvO and C-Cl bond lengths.
To our knowledge, the only structural data available for CA Ϫ are those of Konno and co-workers in crystalline K ϩ CA Ϫ . 38 As their experimental error is at least half of our bond-length variations between CA 0 and CA Ϫ , we refrain from a comparison. Nevertheless, another interesting comparison can be made with the experimental data available for CA in the TTF-CA crystal. 39 This CT complex undergoes a neutral-to-ionic phase transition when the temperature is lowered below Ӎ80 K, and the CA molecule is observed to Charge have a lesser charge at high temperatures than at low ones. In Table V we report the mean values of these experimental bond lengths at each temperature. First of all, when going from 300 to 40 K, all four distances behave in the same way as our calculated values do when going from CA 0 to CA Ϫ . Furthermore, from the total bond-length changes between 300 and 40 K and our results, one can estimate the corresponding variation of the molecular ionicity ⌬. The four bond-length types lead to the same estimate of ⌬ϭ0.5Ϯ0.1, which is in good agreement with previous estimates. [9] [10] [11] 39 
B. Vibrational changes
For each oxidation state of CA ͑ϩ0.5e
Ϫ and ϩ1e Ϫ ͒ we have performed an MD simulation at 30 K for 1.5 ps. The symmetry of the vibrational modes was again treated in the context of the D 2h molecular point group, and a correlative assignment was made by comparison with the eigenvectors of the neutral molecule. The resulting frequencies are given in Tables VI and VII in comparison with experiments on KCA crystalline powders, in which a charge transfer of one electron from K to CA is generally assumed.
As found experimentally, there is no unique direction of shift for all fundamentals, and its magnitude varies from 0 to 200 cm
Ϫ1
. Furthermore, the mode mixing upon ionization 40 of the upper two totally symmetric modes has also been observed: for the neutral molecule the upper frequency mode has a C-O and the second mode a C-C stretching character, whereas for the radical anion these characters are found to be interchanged. The vibrations most strongly affected by the change of ionicity are of C-O type ͑a g 1 Ϫ 2 , a g 4 , and b 1u 18 ͒. Some of the C-C modes are also appreciably perturbed.
The calculation for CA ϩ0.5e Ϫ is interesting for two reasons. First, it is an additional tool to check the performance of this method. Secondly, at least three points are necessary to verify that the frequencies of interest vary linearly with ionicity qualitatively. The calculated frequencies in Tables  VI and VII show that for those eigenmodes that present a significant shift, the assumption of linear behavior can readily be used, for example, to obtain a rough estimate of the molecular ionicity.
Nevertheless, one has to be careful when drawing a parallel between frequency shift and ionicity, as possible vibronic effects may affect the vibrational behavior considerably. These electron-intramolecular-vibration interactions cause an additional shift of the frequencies for modes that can couple by symmetry with electrons. 42 For example, in segregated CT complexes these interactions manifest themselves in the infrared spectra, 43 whereas in mixed-stack TTF-CA crystals only the totally symmetric Raman-active a g modes are affected. 9 Thus, in this latter crystal the b 1u 18 C-O stretching mode of CA is not modified by vibronic effects, and its frequency shift can be used to estimate the jump in ionicity. From the data reported in Ref. 9 , we again obtain a strong variation of the ionicity between the highand low-temperature phases of TTF-CA, namely ⌬Ӎ0.4, which is in agreement with other estimates given in the literature.
C. Coulomb repulsion and electron affinity
Starting with our first-principles calculations, we now determine the relevant model parameters for electron-transfer processes towards a CA molecule in a CT complex. The LUMO of CA is the relevant orbital involved in such processes. The results of our density functional calculations in various charge and spin states are given in Table VIII .
In order to deduce the Coulomb repulsion and the spinsplitting parameters, we combine our calculations with the simple model energy function proposed by Carloni and co-workers. 44 In this model the energy of an isolated species is given by
where Ē is the total energy of the reference state, ⑀ the energy of the relevant orbital in the reference state, U the Coulomb repulsion of an electron in that orbital, J the spinsplitting parameter or exchange coupling, and (⌬n ↑ ,⌬n ↓ ) its occupation relative to the reference state. First, we start with a set of non-spin-polarized calculations ͑in which the occupations satisfy n ↑ ϭn ↓ ͒. The corresponding estimates of U for each occupation when taking the empty LUMO state as reference are given in Table VIII . We obtain a Coulomb repulsion of the order of 4.8 eV for the LUMO state. For the completely neutral or charged molecule, we also performed calculations including gradient corrections. Both these calculations with GC1 and GC2 gave a similar result: the corresponding estimate for U was 4.7 eV.
From the expansion of E[⌬n ↑ ,⌬n ↓ ] one can estimate the spin-splitting parameter J independently from the estimate of the Coulomb repulsion U. As reference state we take the equal occupations of half an electron for each spin state in the LUMO and compare it to spin-polarized calculations for CA Ϫ with different occupations in the two spin states. The two estimates given in the last lines of Table VIII yield a value of 0.16 eV for J. The same value can also be deduced from the difference between the spin-up and spin-down energy levels.
An estimate of the electron affinity of CA can be obtained either from the difference in total energy for the neutral molecule and the radical anion, or from the mean value of the LUMO energy when empty or occupied by one electron. Our non-spin-polarized LDA calculations yield 2.83 and 2.87 eV, respectively, which compares well with the experimental value of 2.76Ϯ0.2 eV. 45 Furthermore, the use of gradient corrections or spin-polarized calculations does not lead to a drastic change of this estimate: GC1 or spin polarization yields an increase of about 3-4 %, and GC2 results in a value that is 3% smaller than the estimate.
V. CONCLUSION
Using first-principles calculations we have thoroughly described the ground states and vibrations of chloranil molecule. By considering different oxidation states of this molecule, we were able to demonstrate that its bond lengths and vibrational frequencies change almost linearly with molecular ionicity. This provides the first theoretical confirmation of this linearity, which is a fundamental ͑but so far unverified͒ assumption for the experimental determination of molecular ionicity in CT compounds. An estimate for the Coulomb repulsion, the spin-splitting parameter, and the electron affinity have also been deduced. Whenever possible, comparison with experiments was made and an overall good agreement found.
